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Summary

Semitransparent organic photovoltaics (ST-OPVs) with applications to power
generating windows have shown substantial increases in power conversion efficiency
(PCE) and average photopic transmission (AP7) at the laboratory scale. The
demonstration of similarly efficient, large-scale ST-OPV modules with geometric fill
factors (GFF) approaching 100%, however, remains a challenge. Here, we employ a
multilevel peel-off patterning method that can achieve micron-scale resolution without
exposing chemically sensitive organic materials to solvents. Eight, 4 cm % 0.4 cm cells
are connected in series to realize a prototype ST-OPV module with GFF = 95.8%, with
PCE = 7.3 +£0.2% under simulated AM 1.5G illumination at 1 sun intensity, APT =
41.8 + 1.4%, and a light utilization efficiency of LUE = 3.1 + 0.1%. A neutral color ST-
OPV module is also demonstrated with 1.7 + 0.1% and International Commission on

[llumination (CIE) LAB coordinates of (L*, a*, b*) =(53.7, -1.9, -3.9).



Introduction

Organic semiconductors are being employed for a range of modern photonic and
electronic devices due to their distinct advantages of low cost, light weight, flexibility,
and environmental compatibility.! The past few decades have witnessed remarkable
developments in the performance of such devices as organic light emitting diodes
(OLEDs), organic photovoltaics (OPVs) and organic thin film transistors (OTFTs). An
essential step to realize high volume production of electronic devices is high-resolution
patterning techniques.>® While small, laboratory-scale OPVs have demonstrated high
power conversion efficiency (PCE) with exceptional stability, OPV modules can also
benefit from high-resolution patterning, although this has attracted considerably less
attention.””'?> In particular, OPVs show considerable promise for use in power
generating windows due to their transparency across the visible spectrum along with
selective absorption in the near-infrared (NIR); a feature resulting from the relatively
narrow excitonic absorption spectra of organic semiconductors.!’!> To date,
semitransparent OPVs (ST-OPVs) exhibit a light utilization efficiency of LUE = PCE
x APT as high as 5%. Here, APT is the average photopic transmission.!®2* To realize
practical applications, scalable fabrication processes of modules with minimal loss in
power generation need to be established. Considerable loss in OPV module efficiencies,
and visible artifacts in ST-OPVs arise from the large area consumed by
interconnections between constituent cells. Such deficiencies can be significantly

reduced by high-resolution patterning.



Conventional module patterning based on mechanical scribing, shadow masking,

gravure printing, slot-die coating, etc.?4!

often yield interconnection widths at the
millimeter scale, and result in a low geometric fill factor, GFF, which is the ratio
between the active cell and the total module areas. In contrast, laser ablation has
achieved interconnection widths of hundreds of microns.’?3® However, ablation can
result in damage to the surrounding and materials comprising the device.*>>3? Moreover,
the illumination wavelength and pulse durations must be tailored to ablate only the
targeted materials.’®>* As a result of these limitations, the highest efficiency opaque
OPV modules fabricated with laser ablation have shown approximately 10% PCE loss
compared to laboratory-scale devices.?>3840

An alternative to these methods is photolithographic patterning. However,
commonly used photoresists contain solvents that can degrade chemically sensitive
organic materials. Moreover, lithographic patterning and photoresist removal can also
employ reactive ion or solvent-based wet chemical processes that can damage organic
semiconductors. In this work, we employ a patterning method that combines a non-
destructive polymer-based peel-off patterning of ST-OPV modules with

photolithographic resolution.*!#7

The general elements of the peel-off patterning
process are provided in Fig. 1(a). A polymer is first coated on the substrate and
patterned into long, narrow strips with conventional photolithography. The choice of
the polymer includes, but is not limited to polyimide (PI), parylene, etc. After

photoresist removal, the organic layer to be patterned is deposited and the polymer

strips are mechanically peeled off, removing the organic on their surfaces from the



module. Figure 1(b) shows a microscopic image of the organic blend film on a glass
substrate patterned by peeling off a 10 um wide PI strip. The wedge at the edge of the
PI strip is picked up to initiate the peel-off. In the method of Fig. 1, multilevel peel-off
produces large scale features with micron-scale resolution. Moreover, this method is
independent of the details of the organic materials system or layering scheme, and does
not damage the chemically sensitive active layers.

Similar methods have been employed in the patterning of biological materials,*!~#4

4346 and perovskites.*” Most of these demonstrations focus primarily on the

organics,
patterning of micron-scale features with a single level patterning step utilizing one
polymer layer to pattern one target layer. To achieve complicated device structures and
circuit interconnection in a module, however, multi-step/multilevel peel-off patterning
over large substrate areas is essential. In recent work that employs multi-step peel-off
patterning, multiple polymer layers are repeatedly deposited and lithographically
removed over chemically sensitive materials, which severely degrades the device
performance.*>4

Here, we demonstrate multilevel peel-off patterning scheme in the fabrication of
prototype opaque and semitransparent OPV mini-modules with GFF = 95.8%
comprising eight, series connected 4 cm % 0.4 cm cells separated by 200 pm wide
interconnections. A schematic illustration of the completed module is shown in Fig.
1(c). The opaque OPV module reaches PCE = 10.3 + 0.3% under simulated AM 1.5G

illumination at 1 sun intensity, which is only 5% less than an analogous 4 mm? device.

Combined with an ultrathin Ag top electrode and a visible light out-coupling (OC)



structure, the ST-OPV module exhibits LUE = 3.1 £ 0.1% with PCE =7.3 £ 0.2% and
APT = 41.8 £ 1.4%. The module has a blue-green tint with International Commission
on [llumination (CIE) LAB coordinates of (L*, a*, b*)=(70.9, -11.3, -7.5). In addition,
a color-neutral ST-OPV module is demonstrated with LUE = 1.7 + 0.1% and (L*, a*,
b*)=(53.7,-1.9, -3.9).
Results and Discussion

Figure 2 details the step-by-step patterning procedure to realize series connection
between individual OPV cells. The indium tin oxide (ITO) bottom cathode is
photolithographically patterned into 4.15 mm wide strips, and a PI layer is coated onto
the electrodes. The PI is patterned into parallel, 50 pm and 75 pm wide strips via
photolithography. As shown in Fig. 2(a), there are pairs of 50 um and 75 um PI strips
with 50 um separation at the edge of each cathode strip. Next, the ZnO and MoOx
charge transport layers as well as the ternary bulk heterojunction (BHJ), comprising a
blend of the narrow energy gap polymer donor, PCE-10, and two NIR-absorbing
acceptors, BT-CIC and TT-FIC (see Supplemental Information for IUPAC
nomenclatures of the molecules employed), are deposited, see Fig. 2(b).!® The 75 um
wide strips between two adjacent bottom cathodes are peeled off to separate the charge
transport layers and the BHJs of adjacent devices. This exposes a portion of the bottom
electrodes to allow series connection between cells, as shown in Fig. 2(c). Finally, the
Ag anode is deposited, and the remaining 50 um wide polymer strips are subsequently
peeled off to separate the top electrodes of two adjacent devices, see Figs. 2(d) and (e).

The microscopic image in Fig. 2(e) shows the 200 pm wide interconnection between



two individual OPV cells (see Fig. S1 for the profilometry profile), featuring clean
pattern edges.

In the module, a narrow individual cell width reduces the GFF, while a large width
results in increased series resistance loss from the transparent electrodes. Here, the
width of individual device is limited to 4 mm to minimize the total loss from both the

GFF and series resistance,>4%4

and the length of each cell is 4 cm. The modules have
12.8 cm? active area for a total module area of 13.34 cm?, and GFF = 95.8%. Note that,
for 10 um wide PI strips as demonstrated in Fig. 1(b), the interconnection distance could
potentially be reduced to 40 pm, giving GFF = 99.1%. Furthermore, the resolution and
dimension of this patterning method depends on the tensile strength of the polymer and
the stress applied to the strip during peeling, since as it will break if the latter exceeds
the former. Therefore, the possibility of failure during peeling is higher when the strip
is narrower and longer. These limitations can potentially be circumvented in meter-
scale modules patterned at resolutions of tens of microns, for example, by employing a
roller to continuously release the stress along the polymer strip during removal (Figure
S2).

To study the feasibility of the patterning method, we fabricated an opaque OPV
module and an analogous 4 mm? device comprising a 150 nm thick indium tin oxide
(ITO) bottom cathode, an 80 nm thick PCE-10:BT-CIC:TT-FIC (1:1.25:0.5, w/w/w)
blended ternary BHJ, 30 nm thick ZnO and 20 nm thick MoOx as electron and hole

transporting layers, respectively, and a 150 nm thick Ag anode (see supplemental

experimental procedures). The performance parameters are listed in Table 1 (see Figure



S3 for device structure and performance data). The module achieves short circuit
current /sc = 36.7 + 0.6 mA, open circuit voltage Voc = 5.42 £ 0.02 V, fill factor FF =
0.66+0.01, and PCE = 10.3 £ 0.3%. Compared to the 4 mm? device, the module shows
negligible loss in Isc (individual cell area 1.6 cm?, with an average short circuit current
density of Jsc 4y = 22.9 mA/cm?) and Voc, while the FF decreases from 0.69 + 0.01
to 0.66 £ 0.01, which is primarily due to resistance losses from the ITO cathode. Since
peel-off does not introduce damage to the materials comprising the devices, the module
PCE shows only a 5% decrease compared to the 4 mm? device.

The ST-OPVs were fabricated by substituting the thick Ag anode with an ultrathin
16 nm Ag layer, and integrating a 4-layer outcoupling structure comprising CBP (50
nm)/MgF> (100 nm)/CBP (80 nm)/MgF, (10 nm) (see supplemental experimental
procedures),'®?! as illustrated in Fig. 3(a). Figure 3(b) shows the current density-voltage
(J-V) and current-voltage (I-V) characteristics of the 4 mm? ST-OPV devices and
modules with and without the OC structure. The external quantum efficiency (EQE),
transmission, and reflection spectra of the devices are plotted in Figs. 3(c) and (d), with
detailed performance parameters provided in Table 1. The ST-OPV modules show
negligible loss in Isc and Voc compared to the analogous 4 mm? devices. The ultrathin
Ag top anode introduces additional resistance loss due to its limited conductivity. This
results in a reduction in FF from 0.70 + 0.01 to 0.64 £+ 0.01. Figure 3(d) shows that the
transmission of ST-OPV device without an OC structure has a peak at a wavelength of
A =430 nm, followed by a significant decrease at 4> 500 nm due to the absorption by

the device. To improve the APT, an OC structure was employed to maximize the



transmission of visible wavelengths via control of interference peaks in the multilayer
stacks.!® It enhances the transmission between 400 nm and 600 nm, with a peak at 560
nm, which is close to the peak photopic response of the eye. Therefore, the OC structure
significantly improves the APT from 22.3 £ 1.1% to 41.8 £+ 1.4%. However, the increase
in transparency leads to a reduction of Isc from 28.2 £ 0.7 mA to 27.2 = 0.5 mA, as
shown by the decreased EQF in Fig. 3(c). As a result, the ST-OPV module with the OC
structure exhibits PCE = 7.3 + 0.2% with high reproducibility (Figure S4) and reaches
LUE=3.1%0.1%.

A photographic image of the module with OC structure is shown in Fig. 3(e). The
module area (outline with a black dashed box) shows a transparent, tint and narrow,
bright lines from transmission through the gaps in the interconnection regions. This
effect can be reduced, either by increasing the APT to reduce the contrast between the
active and interconnection areas, or by patterning narrower stripes. Ideally, modules
used as window panels should transmit light as close to neutral color as possible, which
requires (a*, b*) coordinates in the CIELAB color space that approach (0, 0). The ST-
OPV module with OC exhibits CIELAB coordinates (L*, a*, b*) = (70.9, -11.3, -7.5),
which accounts for its blue-green tint.

To realize neutral color ST-OPV modules, we employed a 4-layer optical structure
consisting of CBP (45 nm)/ZnS (45 nm)/CBP (110 nm)/MgF> (10nm), as illustrated in
Fig. 4(a), whose J-V and I-V characteristics are shown in Fig. 4(b), with detailed
performance parameters listed in Table 1. The module exhibits Isc = 27.6 = 0.4 mA,

Voc=15.3440.02 V and FF = 0.64 £ 0.01, which yields PCE = 7.4 + 0.2%. The EQE,



transmission and reflection spectra are plotted in Fig. 4(c). Compared to the device
without the OC structure, the transmission of neutral color ST-OPV decreases between
A =400 nm and 500 nm, and increases between 550 nm and 650 nm, to reach a balance
over the visible region. The neutral color module achieves (L*, a*, b*) = (53.7, -1.9, -
3.9), a high color rendering index of 88, and a correlated color temperature of 5944 K,
which is close to the solar surface temperature of 5776K. The APT and LUE of the
module are 22.8 + 1.3% and 1.7 + 0.1%, respectively. Figure 4(d) shows a photographic
image with the module area bordered by a black dashed box. The illumination through
the module can accurately render the colors of white, red, green and blue in the
background.

Note that the mini-modules fabricated using peel-off are, to our knowledge, the
first demonstration of OPV modules that overcomes the considerable PCE loss
observed in other high resolution patterning processes. Its resolution suggests that the
strips can be made even narrower than demonstrated, leading to GFF approaching unity.

Finally, while we cannot make a precise comparison between the costs of peel-off
patterning and the widely used laser ablation patterning, a large capital expenditure in
laser patterning arises from the acquisition of precise, large-scale laser ablation tools,
whose illumination wavelength may have to be adjusted for specific materials and
device structures. In contrast, the photolithographic tools used in peel-off patterning are
standard in semiconductor and OLED processing lines, thus reducing the cost of capital
and depreciation. However, the peel-off method requires additional costs of materials

used for the polymer patterning layer and in the photolithographic processes, which



scale with the size of the solar panels. An accurate comparison of costs admittedly

warrants further study which is beyond the scope of this demonstration.>

Conclusion

In this work, we introduced a peel-off patterning technique that can achieve
micron-scale patterning resolution of organic materials without introducing damage
incurred using conventional photolithography. Using this method, we fabricated
prototype, series-connected OPV modules with 12.8 cm? active area and GFF = 95.8%.
An opaque OPV module was demonstrated with PCE = 10.3 £ 0.3%, which features a
remarkably small PCE loss of only 5% compared to analogous 4 mm? devices. ST-OPV
modules were fabricated by utilizing ultrathin Ag top electrode and an OC structure.
The optimized ST-OPV module achieves LUE = 3.1 + 0.1% with PCE = 7.3 + 0.2%
and APT=41.8 = 1.4%. Furthermore, we demonstrated a neutral color ST-OPV module
with LUE = 1.7 £ 0.1% and (L*, a*, b*) = (53.7, -1.9, -3.9). The peel-off patterning
technique introduces the possibility for realizing ST-OPV modules with high efficiency
and GFF approaching 100% over large areas. Our result is general in that it shows a
potential path for multilevel, high-resolution patterning with micron-scale resolution of

chemically sensitive organic electronic materials over large areas.
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Table 1. Performance of 4 mm? PCE-10:BT-CIC:TT-FIC OPV device, and 12.8 cm?

active area (13.34 cm? total area) module under simulated AM 1.5G illumination at 1

sun intensity

4 mm? Jsc
Voc(V)  FF(%)  PCE(%) APT(%) LUE (%)

device (mA/cm?)

opaque 232+04 0.68+0.01 0.69+0.01 109+0.3 - -
STwoOC 17.8+03 0.67+0.01 070001 83+02 223+1.1 19+0.1
STw/OC 17.1+02 0.67+0.01 070+001 80+02 41.8+14 33+0.1
neutral ST 174+0.3 0.67+0.01 0.70£0.01 82+0.1 228+13 19+0.1

PCEactivea
module Isc (mA)
(%)

opaque 36.7£0.6 542+0.02 0.66+0.01 103+0.3 - -
STw/oOC 282+0.7 534+0.02 064+001 75+03 223+1.1 1.7+0.1
STw/OC 272+05 534+£002 064+£001 73+02 418+14 3.1+0.1
neutral ST 274+04 534+002 0.64+001 74+02 228+13 1.7+0.1

3 PCE calculated based on module active area.
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Figure Legends

Figure 1. Description of the peel-off patterning method and the organic
photovoltaic (OPV) module layout. (a) Schematic illustration of the peel-off
patterning procedure. (b) Microscopic image of PCE-10:BT-CIC blend film on a glass
substrate patterned by peeling off a 10 um wide polyimide (PI) strip. (¢) Schematic of

the series connected prototype OPV module layout comprising eight individual cells.

Figure 2. Schematic illustration of multilevel peel-off patterning scheme. (a)
to (e) Step-by-step schematic of the fabrication process used to create series cell
connection via peel-off patterning. The microscopic image in (e) shows the
interconnection region between two individual semitransparent organic photovoltaic

(ST-OPV) cells in a module, with reference to the schematic.

Figure 3. Optoelectronic properties of the ST-OPV modules with out-coupling
(OC) structure. (a) Schematic of the ST-OPV device with an optical OC structure. (b)
Current density-voltage (J-¥) and current-voltage (I-V) characteristics of 4 mm? ST-
OPV devices and modules with and without the OC structure. (¢) External quantum
efficiency (EQF) and (d) transmission and reflection spectra of the ST-OPV with and
without OC structure. (e) Photographic image of the prototype ST-OPV module with

the OC structure.
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Figure 4. Optoelectronic properties of the neutral color ST-OPV modules. (a)
Schematic of the neutral color ST-OPV device. (b) J-V and I-V characteristics of 4 mm?
neutral color ST-OPV device and module. (¢) EQE, transmission and reflection spectra
of the neutral color ST-OPV. (d) Photographic image of the prototype, neutral color

ST-OPV module.
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